Protein isoprenylation is a post-translational modification essential for the biological activity of G-proteins. Inhibition of protein isoprenylation by lovastatin (LOV) induces apoptosis in HL-60 cells, a process of active cell death characterized by the internucleosomal degradation of genomic DNA. In this article we show that LOVinduced apoptosis is associated with intracellular acidification and that activation of the Na+/H+ antiporter induces a raise in pHi which is sufficient to prevent or arrest DNA digestion. First, LOV induced a decrease in pHi which was dose-dependent and correlated with the extent of DNA degradation. Flow cytometry analysis revealed that this acidification was due to the appearance of a subpopulation of cells whose pHi was 0.9 pH units below control values. Cell sorting experiments demonstrated that DNA degradation had occurred only in those cells which had suffered intracellular acidification. LOV-induced apoptosis could be suppressed by mevalonate supplementation, inhibition of protein synthesis, and protein kinase C activation by phorbol myristate acetate. In all three cases, intracellular acidification was abolished. Inhibition of the Na+/H+ antiporter by 5-N-ethyl-N-isopropyl amiloride induced DNA degradation in HL-60 cells per se and suppressed the protective effect of phorbol myristate acetate. LOV-induced intracellular acidification was not due to a complete inhibition of the Na+/H+ antiporter. In fact, LOV-treated cells were able to respond to phorbol myristate acetate stimulation of the Na+/H+ antiporter with a marked increase in pHi. This effect was accompanied by a rapid arrest of DNA digestion. These observations illustrate the strong pH dependence of LOV-induced DNA degradation, thus providing a connection between the activation of the Na+/H+ antiporter and the suppression of apoptosis. Tel.: 34-1-5611800 (ext. 4302); Fax: 34-1-5627518.
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INTRODUCTION
Apoptosis, or programmed cell death, is an active form of cell death which occurs physiologically during embryonic development as well as in tissue turnover in the adult (for review, see (1, 2, 3) ). Cell death by apoptosis can be initiated by a number of positive signals. During T cell development in the thymus, triggering of the T-cell antigen receptor induces apoptosis in those thymocytes which recognize self antigens(2). Also, binding of tumor necrosis factor to its receptor triggers apoptosis in several cell types(4, 5).
Alternatively, this form of cell death can occur following the removal of positive signals, like growth factors, cytokines, or hormones, needed for the survival of a particular cell type(2).
In addition, programmed cell death can be induced by a wide range of cytotoxic drugs, many of them used in cancer therapy(6).
Apoptosis plays a key role in the control of cell populations in the organism. Failure of the cells to die via apoptosis results in abnormally increased cell numbers and oncogenesis(6).
The elucidation of the mechanisms underlying this form of cell death is critical for the understanding of many physiological processes, as well as of the sequence of events leading to oncogenic transformation.
Cells which die via apoptosis usually suffer similar morphological changes, including nuclear condensation and internucleosomal DNA digestion by endogenous endonucleases (1) . Until recently, the activation of a Ca -dependent endonuclease, DNase I(7), was thought to be a key event in the apoptotic process. However, the implication of a pH-dependent endonuclease, DNase II, in certain forms of cell death has been recently suggested(8).
Protein isoprenylation is a post-translational modification essential for the membrane localization and biological activity of a number of proteins (see (9), for review). The precursor of isoprenoid lipids involved in protein modification, as well as of cellular sterols, is mevalonic acid (MVA)( 1 )(,10).
Isoprenylated proteins, among which are all the GTP-binding proteins, play crucial roles in the signal transduction pathways from growth factor, cytokine and hormone receptors (11, 12, 13, 14) . Protein isoprenylation is then essential for the control of cell proliferation and differentiation.
We have recently reported that inhibition of isoprenoid biosynthesis by LOV, a competitive inhibitor of the synthesis of MVA, induces apoptosis in HL-60 cells(15). LOV-induced DNA degradation was specifically prevented by MVA, while other products of the isoprenoid biosynthetic pathway, like cholesterol, dolichol, ubiquinone, and isopentenyl adenosine, failed to protect cells against LOV-induced apoptosis. These findings led us to postulate that LOV-induced apoptosis was due to inhibition of protein isoprenylation.
In the present study we have addressed the mechanism of LOV action in more detail. For this purpose we have studied the effects of LOV on the total cell population as well as in individual cells by using flow cytometry. In addition we have explored the effect on LOV- 
Cell Culture
Human promyelocytic HL-60 leukemic cells were grown in RPMI 1640 supplemented with 10% (v/v) fetal calf serum (Life Technologies, Inc.), 2 mM glutamine, penicillin (100 units/ml), and gentamycin (24 μg/ml). Lovastatin, was added to the cultures as the sodium salt, obtained from the lactone as described previously(16).
Cell Cycle Analysis
Approximately 10 6 cells per experimental condition were harvested, washed with phosphate-buffered saline, and resuspended in 250 μl of the same buffer. To this cell suspension, 0.1% Nonidet P-40 and 50 μg/ml propidium iodide, final concentrations, were sequentially added and the content of DNA per cell was estimated by flow cytometry.
DNA Fragmentation
To assess DNA fragmentation, soluble (fragmented) DNA was obtained as described (15) and analyzed on agarose gels.
Intracellular pH Determination
Intracellular pH measurements were performed both fluorimetrically and using flow cytometry. For fluorimetric determination, HL-60 cells (10 7 cells/ml) were loaded with 1 μM BCECF for 30 min at 37°C with gentle shaking, either in sodium Hepes buffer (25 mM Hepes, pH 7.4, 140 mM NaCl, 5 mM KCl, 0.8 mM MgCl2, 1.8 mM CaCl2, 5.5 mM glucose), or in Hepes bicarbonate buffer (15 mM Hepes, pH 7.4, 110 mM NaCl, 20 mM CO3HNa, 5 mM KCl, 0.8 mM MgCl2, 1.8 mM CaCl2, 5.5 mM glucose), as indicated(17). BCECF-loaded cells were pelleted by centrifugation at 300 × g for 7 min, resuspended in the same buffer at 10 6 cells/ml, and introduced in a thermostatted cuvette at 37°C with constant stirring for the 
RESULTS
Effect of LOV on the Cell Cycle Distribution of HL-60 Cells
In order to assess the extent of LOV-induced apoptosis and to observe whether this process was selective to any phase of the cell cycle, we studied the cell cycle distribution of HL-60 cells treated with LOV ( 
Macromolecular Synthesis Is Required for LOV-induced Apoptosis
In an attempt to elucidate the mechanisms underlying LOV-induced cell death, we investigated whether the synthesis of macromolecules was necessary for its effect. Fig. 2 shows the effect of CHX and actinomycin D on LOV-induced DNA fragmentation. CHX (100 ng/ml) was able to completely prevent DNA degradation induced by 10 μM LOV, while actimomycin D (15 ng/ml) had a partially protective effect. CHX was also able to prevent all 
PMA Suppresses LOV-induced Apoptosis in HL-60 Cells
Inhibition of the Na + /H + Antiporter Induces Apoptosis in HL-60 Cells and Suppresses the Protective Effect of PMA
Suppression of apoptosis by phorbol esters has been related to their ability to induce cellular alkalinization(18). This effect is thought to be mediated by PKC through the phosphorylation of the C-terminal regulatory domain of the Na + /H + antiporter(28). This phosphorylation would lead to the activation of the antiporter by increasing its affinity for the intracellular H + , thus inducing cytoplasmic alkalinization(29). To assess whether the activation of the Na + /H + antiporter was responsible for PMA suppression of LOV-induced apoptosis we studied the effect of the specific inhibitor of the Na + /H + antiporter, EIPA(30).
We found that EIPA induced DNA degradation in HL-60 cells per se (Fig. 4A ). This effect was dose-dependent, being 20 μM the lowest concentration tested which induced significant DNA laddering over the course of a 24-h treatment. At 60 μM, EIPA was also able to overcome the protective effect of PMA on LOV-induced apoptosis (Fig. 4B) . We then studied the correlation between the ability of EIPA to inhibit the Na + /H + antiporter in HL-60 cells and to block PMA prevention of cell death (Fig. 5) . A concentration of 10 μM EIPA was sufficient to completely inhibit the Na + /H + antiporter when assayed in sodium Hepes buffer (results not shown). However, concentrations above 60 μM were required to achieve more than 90% inhibition when the buffer was supplemented with 3 mg/ml bovine serum albumin to mimic the conditions prevailing during cell culture (Fig. 5A ). In addition, we explored the effect of EIPA on pHi in the presence and absence of PMA in the conditions under which we had studied the induction of apoptosis (Fig. 5B) . We observed that treatment of HL-60 cells with EIPA for 24 h induced a dose-dependent decrease in pHi which correlated with the ability of EIPA to inhibit Na + /H + exchange in bovine serum albumin containing medium. Treatment of HL-60 cells with PMA for 24 h did not result in a significant variation of pHi. However, PMA effectively protected HL-60 cells against EIPAinduced acidification (Fig. 5B) . Concentrations of EIPA above 60 μM were necessary to suppress this protective effect. Thus, there is a coincidence between the concentration of EIPA required to block Na + /H + exchange activity, as shown in Fig. 5A , and that required to suppress the protective effects of PMA ( Fig. 4B and 5B). These results suggest that PMA can compensate the effects of a partial inhibition of the antiporter and that near complete inhibition is needed to effectively prevent PMA activation of Na + /H + exchange. 
LOV-induced Apoptosis Correlates with a Decrease in Intracellular pH
The above data suggested that PMA suppression of LOV-induced apoptosis could be mediated by activation of the Na + /H + antiporter and subsequent intracellular alkalinization. In this window
In a new window
In experiments performed in isolated nuclei it has been observed that DNase II has an optimum pH of 5, but it is capable of catalyzing significant internucleosomal DNA degradation at pH 6.5(8). We then asked the question of whether the intracellular acidification induced by LOV treatment was sufficient to activate this endonuclease. At the concentrations used, 10 and 50 μM, LOV induced apoptosis in 20 and 50% of the cells, respectively, as assessed by flow cytometry (Fig. 1A) . The possibility remained that only those cells undergoing apoptosis had suffered intracellular acidification, as it has been observed in other systems(34). If this were the case, fluorimetric pH determinations shown in Table 1 would underestimate the drop in intracellular pH of the apoptotic cells, since they represent the average pHi values of the total cell population.
To test this possibility we analyzed the distribution of LOV-treated HL-60 cells according to their pHi using flow cytometry ( 
LOV-induced Intracellular Acidification Is Not Due to a Complete Inhibition of the Na + /H + Antiporter
Inhibitors of the enzyme 3-hydroxy-3-methylglutaryl-CoA reductase have been reported to induce intracellular acidification and to diminish the response of the Na + /H + antiporter to certain stimuli(31, 35). Therefore, we were interested in studying the activity of the Na + /H + antiporter in LOV-treated cells. Fig. 7 shows representative recordings of the pHi changes of control and LOV-treated cells in response to intracellular acidification and to PMA stimulation. These experiments were carried out in HCO3 -free media, which renders the Na + /H + antiport the main mechanism for regulation of pHi(36). Na + /H + exchange activity was estimated from the rate of recovery of pHi of HL-60 cells after instantaneous acidification by addition of 3 mM propionate to the incubation medium. After treatment of HL-60 cells with 10 μM LOV for 24 h, a condition under which 20% of the cells had a decreased pHi, the activity of the Na + /H + antiporter was not diminished with respect to control cells (Fig. 7, upper panels) . The rates of alkalinization after propionate loading averaged 0.09 ± 0.02 pH units/min and 0.15 ± 0.01 pH units/min in control and LOVtreated cells, respectively. LOV-treated cells were also able to respond to PMA stimulation of the Na + /H + antiport with a marked increase in pHi (Fig. 7, lower Therefore, we studied the protective effects of MVA and PMA when added after the onset of LOV-induced apoptosis (Fig. 9) . Twelve hours after the beginning of LOV treatment, a fraction of the cells were collected and their DNA extracted for analysis of DNA fragmentation (Fig. 9, lane 3) . To a fraction of the remaining cells, MVA or PMA were added and the treatments were continued for 12 more h (Fig. 9 , lanes 4 and 5, respectively). The same was done at 16 h after the beginning of LOV treatment: a fraction of the cells was collected for analysis (Fig. 9, lane 6) , while the remaining cells received the addition of either MVA or PMA and the treatments were continued until completion of the 24-h incubation time (Fig. 9, lanes 7 and 8) . Untreated cells and cells treated continously for 24 h with 10 μM LOV alone, were used as negative and positive controls, respectively (Fig. 9 , lanes 2 and 9).
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In this page (Fig. 9, lanes 3 and 6) , there was no further increase in cells which received the addition of MVA or PMA at 12 h (Fig. 9 , lanes 4 and 5). These observations suggest that restoring pHi may be sufficient to prevent or arrest LOV-induced apoptosis in HL-60 cells. agents is actually preventing a drop in pHi that otherwise would directly activate the endonuclease. The possibility also exists that the circumstance that triggers apoptosis, more than intracellular acidification per se, is the impairment of the regulation of the Na + /H + antiporter. It is known that persistent Na + /H + antiport activity is necessary for cell cycle progression(50), and that inhibitors of the antiport selectively suppress the expression of certain growth factor-induced cell cycle genes(50). Thus, a deficiency in the regulation of the Na + /H + antiport due to the lack of stimuli during growth factor withdrawal or to the inhibition of growth factor signaling pathways by LOV could result in uncoordinated cell cycle regulation that would lead to cell death by apoptosis.
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DISCUSSION
The hypothesis formulated above are not mutually excluding. It seems well established now that isoprenylated G proteins play a crucial role in the regulation of the Na + /H + antiporter and of pHi. This supports the hypothesis that LOV can induce intracellular acidification by inhibiting protein isoprenylation. At the same time, intracellular acidification is emerging as an important event in the apoptotic process as a phenomenon directly related to activation of DNA digestion. Our results establish a link between protein isoprenylation, regulation of pHi, and apoptosis. Moreover, they provide a biochemical basis for the suppression of programmed cell death by Na + /H + exchange activation.
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